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Abstract
This paper presents a comparison between numerically estimated storm surge invoked by typhoon Yolanda (2013) and field
survey results. In order to estimate the typhoon more accurately, TC-Bogus scheme is used in typhoon simulation. This scheme
has a potential to improve an initial atmospheric field and give a better results, in terms of routes and minimum sea surface
pressure of the typhoon. In the results of calculated storm surge, a height of the estimated storm surge reached approximately 5.0
m at Tacloban. This value is a good agreement with the measured height. The timing of the storm surge was 00:00 UTC 8th
November 2013. The estimated time of the storm surge invoked by Yolanda is almost the same with that of information from
residents. Thus, the storm surge model composed of the WRF, FVCOM, SWAN and WX-tide has a potential to reproduce the
storm surge realistically.
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1. Introduction
Storm surge invoked by typhoon Yolanda (2013) caused widespread damage to coastlines in Leyte and Samar Island.
In Philippines, typhoons frequently have come 5-10 times annually, according to RSMC best track (Japan
Meteorological Agency, hereafter JMA, 2014). Especially, the typhoon Uring (1991) lost approximately five
thousands of people their lives due to its strong wind and invoked flooding (Rudolph and Guard, 1991). Additionally,
there were other catastrophic typhoons attacking Philippines, such as Super Typhoon “ROSING” in 1995, Typhoon
“FRANK” in 2008 (Etro and Bassi 1995, Cooper and Robert, 2008). However, typhoon Yolanda is a rare typhoon
which caused huge storm surge and made the people lost their lives mainly due to its storm surge in Philippines.
Additionally, based on the research conducted by Takagi et al. (2015), typhoon Yolanda is an abnormal typhoon, in
terms of her route and intensity among past typhoons approaching near Philippines.
There have been researches on simulating typhoons by using regional atmospheric models, such as the ARW-
WRF version 3 (Skamarock et al., 2008; hereafter WRF). The WRF has a potential to conduct forecast for 180 hours
by using Global Forecast System (hereafter, GFS, NOAA, 2015). Also, the WRF is able to reproduce past typhoons.
Then, there are a lot of researches regarding forecast and hindcast by using the WRF (E.g. Mori et al., 2014).
Furthermore, the WRF can be used as the boundary layers, such as wind velocity and sea level pressure, to storm
surge models (E.g. Tasnim et al., 2014; Mori et al., 2014). Thus, the WRF is considered to be as the standard model,
giving the boundary layer of storm surge model. For estimating the storm surge, the unstructured, finite volume
community ocean model (hereafter, FVCOM; Chen et al., 2003) has been carried out in several researches (E.g.
Weisberg and Zheng 2006; 2008). The FVCOM employs the finite volume method as a discretization, conserving
mass and momentum equation accurately (Chen et al, 2003). Furthermore, flexible unstructured meshes can be
adjusted to complex geometries (Chen et al, 2003).
In this research, the storm surge model composed of the WRF, FVCOM 3.1.6 (Chen et al., 2011), SWAN (Booji
et al., 1999) and WX-tide (WXTide32, 2007) is used to estimate the storm surge invoked by typhoon Yolanda. Also,
the field survey conducted in the periods of 5th-13th December 2013 (Shibayama et al., 2014) is explained. In this
investigation, they measured the heights of the storm surge from the left water mark and from the eyewitness of the
residents (Shibayama et al., 2014), and heard the way of mitigation (Esteban et al., 2014; 2015). Finally, the estimated
results of the storm surge are compared with the field results.
2. Storm surge model outline
Fig.1 shows an outline of consisted models. First, the WRF is used
to estimate wind velocities and pressures at 10 m above sea level.
Then, the results of these atmospheric fields near ocean surface are
used as the initial and boundary conditions to the FVCOM, in order
to estimate the pressure surge and wind induced set-up of the storm
surge. The wind field is also used as the boundary conditions of
the SWAN to calculate the wave set-up. The WX-tide is employed
to estimate astronomical tide levels. Then, the storm surge is
reproduced using the sum of the pressure surge and wind induced
set-up of FVCOM, the wave set-up of SWAN and astronomical
tide levels of WX-tide.
3. Summary of the typhoon Yolanda (2013) and Field Survey
Typhoon Yolanda is recognized as typhoon 12:00 UTC 5th November 2013 and then grew to super-typhoon with its
minimum pressure of 895 hPa and its maximum wind speed of 64 ms-1. Because typhoon Yolanda was conserving
its energy continually until the time of landing on Leyte Island, the widespread destruction was occurred in
Philippines. In the field survey, Tacloban, which is most affected by the storm surge, was mainly surveyed by
Philippines Storm Surge Joint Survey Group (Shibayama et al., 2014). Then, the coastline of Leyte and Samar Island
Fig.1 The outline of storm surge model.
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was investigated to determine heights of the storm surge (Fig.2). As shown in Photo.1, the area around Tacloban was
severely destroyed. This photo indicates that the storm surge containing a strong energy inundated into Tacloban.
The wall of the building was severely broken (Photo.1). Actually, based on the eyewitness of the residents at Tacloban,
storm surge with high speed inundated into the residential area. In this research, the measured heights and inundated
heights are used from the research by Shibayama et al. (2014).
4. Initial condition of the calculation
A period of the calculation is from 18:00 UTC 4th to 00:00 UTC 9th November 2013 in every model. The
meteorological data for the WRF are FNL (NCAR, 2014a) and GFS 0.5 deg. (NCAR, 2014b) in order to analyze an
accuracy of the typhoon. Furthermore, the Tropical Cyclone Bogus scheme (hereafter referred to as TC-Bogus
scheme; Davis and Low-Nam, 2001) is used to better reproduce typhoon Yolanda. The TC-Bogus scheme uses the
same algorisms proposed by Kurihara et al, (1993). To estimate a micro-physics, WRF single–moment 6–class
microphysics scheme (Hong and Lim, 2006) was used. Furthermore, RRTMG scheme (Iacono et al., 2008) was used
as long and short wave theory. With the aim of estimating the atmospheric conditions in surface layer, revised MM5
Monin-Obukhov scheme (Paulson, 1970; Dyer and Hicks, 1970; Webb, 1970; Beljaars, 1994; Zheng and Anthes,
1982) was used. YSU scheme (Hong et al., 2006) was selected for Planetary boundary layer scheme. Land Surface
scheme was set as Unified Noah land-surface model (Tewari et al., 2004). As the cumulus parameter, Kain - Fritsch
(new Eta) Scheme (Kain, 2004) was used. The Rankin Vortex was inserted into the meteorological data every 6 hours.
The water depth of topography of FVCOM was set as from s -1 to 0. Harshest meshes were 2000 m and smallest
meshes were 100 m in the ocean model. Because of unstructured meshes, it is possible to create small meshes without
using a nesting method. In Leyte Gulf, the ocean spreads shallowly toward the open ocean. This is one of the main
reasons of the growth of the huge storm surge. The momentum coefficient of the air-ocean interface was based on
the Honda and Mitsuyasu (1980) with the limitation of wind speeds upper 30ms-1(Yokota et al., 2011). The
momentum coefficient of the air-ocean interface was set as below,
          -1
            	 -1
 
  	  -1
here, CD notes the wind stress. Ws is wind speed (ms-1).
5. The results of the models
5.1 Results of the calculated typhoon
Fig.2 Distributions of storm surge heights
(Shibayama et al., 2014).
Photo.1 A damaged building at Tacloban
(Nakamura et al., 2014).
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Fig.3 shows a comparison of sea level minimum central pressure between the calculated typhoon and the best track
of JMA. The MSLP of the FNL and GFS is approximately 50 hPa higher than that of the best track on 18:00 UTC
7th November. On the other hand, the MSLP in TCB-GFS decreases to nearly 925 hPa. This value is the most close
to the value of the best track among three cases. Based on the result, TC-Bogus has a potential to increase accuracy
of the MSLP. Fig.4 shows a comparison of maximum wind
speeds between the calculated typhoon and the best track.
There is a little difference among calculated results.
However, there is a big difference between the calculated
results and the best track. This result shows the difficulty
of predicting accurately typhoons using the WRF in
common. In order to increase of accuracy of the calculated
wind speed, the authors must consider the application of
data assimilation methods to estimate the initial condition
of the typhoon simulation. Fig.5 shows a comparison of
the typhoon track between calculated results and the best
track near Philippines. The route of the FNL and GFS is a
good agreement with the best track. However, there is a
difference of the landing time on Leyte Island. On the
other hand, the calculated typhoon in TCB-GFS is not a
good agreement with the best track than the calculated
typhoon with FNL and GFS, in terms of the route.
However, the landing time is almost same with that of the
best track. Furthermore, the landing location of the
calculated typhoon in TCB-GFS is very close to that of the
best track. Based on the results mentioned above, the
authors determined the calculated typhoon in TCB-GFS is
most useful to do the storm surge simulation. Thus, the
boundary conditions of the FVCOM are created from the
calculated typhoon in TCB-GFS.
5.2 Results of pressure surge and wind induced set-up
In this section, pressure surge and wind induced set-up
calculated by the FVCOM is introduced. Fig.6 shows the
pressure surge and wind induced set-up in the represented
locations around Tacloban. Although, at Tacloban, water
level is not drastically changed until 18:00 UTC 7th
November 2013, after this time, water levels rapidly
decreases and finally increased up to approximately 5.0 m
on 00:00 UTC 8th November 2013. Then, water levels
decreased to approximately 2.0 m on 20:00 UTC 8th
November 2013. Fig.6 (b) shows pressure surge and wind
induced set-up at Samar Island. At Basey, water levels
fluctuates like that in Tacloban. Actually at Basey, the
building was partly broken by massive water, like the building at Tacloban. On the other hand, pressure surge and
wind induced set-up are from approximately 2.0 m to 2.5 m at Balangiga, Gisopo and Santo Nino based on Fig.6 (b).
This value is smaller than that at Tacloban. Actually, these locations were not affected severely by the storm surge,
and the buildings were not relatively heavy destroyed compared with those at Tacloban. Thus, it seems that the
calculated storm surge is well reproduced compared with the behavior of the actual storm surge. Fig.6 (c) shows the
results of the storm surge around Leyte Island. The storm surge increases from South to North.
Fig.3. Results of the track of the typhoons
in each case.
Fig.4 Results of minimum seal level pressures of
calculated typhoons in each case.
Fig.5 Results of maximum wind speed of
calculated typhoons in each case.
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Also, the storm surge reaches approximately 4.0 m at Oil Factory. This is because shallow water depth changes and
locations cause the huge storm surge. The heights of storm surge are not as high as those in Tacloban.
5.3 Results of Wave set-up
Fig.7(a), (b) show wave set-up results by using the SWAN. The wave set-up is about 0.16m in every location.
The wave set-up is calculated from wind velocity. The wave set-up height is almost same in every location because
the typhoon is so huge and covers the all locations with the almost same strong wind speed. In this simulation, the
contribution of the wave set-up is not relatively as strong as the pressure surge and wind induced set-up.
5.4 Results of astronomical tide and water level change at Tacloban
Astronomical tides at Abuyog, Tacloban, Santo Nino are shown in Fig.8. The astronomical tide at Abuyog, Tacloban
is toward the small tide. Also, the astronomical tide at the locations except for Santo Nino is relatively smaller than
that in in Santo Nino. Fig.9 shows a comparison among calculated water level and maximum measured height at
Tacloban. The calculated results are close to the measured heights. On the other hand, Based on the resident’s
interview, before the storm surge came, the actual storm surge once decreased and increased up.
However, this simulation is unable to reproduce that behavior. This reason can be attributed to that the depth is not
ba
Fig.7 Results of Wave set-up at (a) Leyte Island and (b) Samar Island and Tacloban.
(b)(a)
(c)(b)(a)
Fig.6 Results of pressure rise and wind induced set-up (a) at Tacloban area, (b) Samar Island and (c) Leyte Island.
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deep compared with the actual water depth. However, maximum calculated water height is nearly close to the
observed one. This is the evidence that the combination of the models is able to reproduce the actual storm surge.
5.5 Comparison between calculated maximum storm surge height and measured height
Fig.10 shows a comparison between calculated maximum storm surge heights and measured heights. The calculated
maximum storm surge heights are nearly close to the measured heights. However, the difference of the maximum
heights between calculated maximum storm surge heights and measured heights is nearly 1.0 m at Tanauan, Tacloban
and Basey. However, except for this mismatch, the tendency of the storm surge model increasing toward the inner
bay of Leyte Gulf agrees well with that of the actual storm surge heights. Furthermore, the difference of the value of
the storm surge is limited within approximately 1.0 m, thus, the storm surge is accurately estimated.
6. Conclusion
The storm surge model consisted of the WRF, FVCOM, SWAN and WX-tide has a potential to estimate the storm
surge caused by typhoon Yolanda. The WRF with TC-Bogus scheme improve an accuracy of estimating typhoon
Yolanda and gives the most realistic typhoon results among the three cases. According to a comparison between
calculated maximum storm surge heights and measured heights, the estimated distributions of water levels have good
agreements with those of the measured heights. The storm surge height at Tacloban reached over approximately 5.0
m. This value is the almost same with that of measured height. For the future works, it is necessary to consider wave-
current interaction when storm surge is calculated. Furthermore, it is important to conduct a forecast of the storm
surge heights before it happened.
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Fig.8 Results of estimated astronomical tides.
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